For VSP data, interferometric migration of free-surface multiples has two significant advantages over standard VSP migration: 1). a significantly larger imaging area than that of conventional migration of VSP primaries, and 2). less sensitivity to velocity and static errors than conventional migration of VSP multiples. In this report we validate these claims by applying wave-equation interferometric migration to 3D VSP data. Results show that interferometric migration can produce an image volume that is comparable to that of a small 3D surface seismic survey around the well, but at a much reduced processing and acquisition cost. This may suggest that 3D interferometric migration of VSP multiples can be a cost effective 4D monitoring tool for some oil fields.
Introduction
It is well known that migration of VSP primaries has a limited imaging area that is roughly a cone-shaped zone with the cone tip centered at the shallowest geophone in the well. In order to extend this imaging area, proposed migrating free-surface VSP multiples by a data-based method, known as seismic interferometry. This method, based on Claerbout's daylight imaging concept , uses the earth's free surface as a boundary of secondary seismic sources. That is, the upgoing arrivals at the free surface reflect downward from it to excite a new train of reflection arrivals. Comparing to a mirror imaging method for migration of multiples, the advantage of this procedure is that the migration image is less sensitive to velocity and static errors.
Interferometric migration of multiples based on 3D Kirchhoff migration can be extremely costly because of the need to calculate and store a large volume of 3D travel time tables (in a typical 3D walkaway VSP experiment, there are usually thousands of sources on the surface, but very few geophones in the well). In order to overcome this expense, a 3D wave-equation interferometric migration method is proposed. With this method, for each receiver gather of 3D VSP data, only one 3D receiver gather of travel times and one 3D wavefield extrapolation need to be calculated. It is well known that a 3D surface seismic acquisition is expensive, but for a 3D walkaway VSP survey, except for the downhole geophones, the shot acquisition on the surface can be relatively cheap, and the shot coverage in both horizontal directions can be very dense. In comparison, the cost for 3D migration of VSP free-surface multiples is much cheaper for a limited number of receiver gathers, while it can produce an image volume that is comparable to that of a small 3D surface seismic survey around the well. However, the disadvantages of the VSP multiple migration are that free-surface VSP multiples are relatively weaker than primaries, the diversity of incident rays for any reflection point is small, and the fold/bin ratio is quite small for a small number of receiver gathers.
Wave-equation interferometric migration
For pedagogical clarity, we will discuss the IVSP example in figure 1, with the understanding that VSP data can be transformed to be IVSP data by reciprocity. Figure 1 shows an IVSP free-surface multiple that is to be migrated. The interferometric migration can be carried out in two steps . First, the two IVSP seismograms at g1 and g2 are crosscorrelated, and summed over all buried sources:
where g1, g2 ∈ B0 represent points on the free surface, φ represents the crosscorrelogram, d defines the seismogram, ⊗ denotes crosscorrelation, and g1 and g2 represent two geophone positions. This crosscorrelogram can be migrated in the frequency domain as:
where m(x, ω) is the migration image, x is the image point, τ gg is the traveltime for waves to propagate from g to g , Φ is the spectrum of φ, and i = √ −1, and ω is the angular frequency. The stacked migration image over all secondary source positions on the free surface is:
(3) Note, the integral over all secondary source positions means that all specular reflection points are included, but non-specular rays are also included. One advantage of interferometry is that we do not need to select these specular reflection points.
A Kirchhoff implementation of equation 3 requires the calculation of rays from each virtual source position on B0, and this is extremely costly for migrating 3D IVSP 
where F (x, s, ω) and B(x, s, ω) means forward and backward extrapolated wavefields at the image point (note, amplitude factors are not taken into account here, but can be accounted for if needed). Equation 4 is the formula for wave-equation interferometric migration, and it requires no ray tracing if the wavefield extrapolations are computed by a wave-equation method.
We also notice in most VSP experiments, the direct wave is usually the strongest event. In this case, we can replace the forward wavefield extrapolation in equation 4 by a ray tracing exercise, so that computational efficiency is improved:
whereτ s x =τsg 1 + τg 1 x is the arrival time of the VSP direct wave after reflection from the free surface. In order to compute this traveltime, we first pick (this can be easily done by an auto-pick program)τsg 1 from the data, and insert it into a ray tracer. The computed traveltime will be the arrival time of the VSP direct wave after reflection from the free surface. The advantage of this line-source ray tracing is obvious: the ray tracing from the point source to the surface is saved just by picking, the source-side statics are eliminated, and only one traveltime table per VSP receiver gather is needed. semi-natural migration has the same advantage.
A synthetic experiment
Figure 2 is a synthetic 2D density model used for testing the proposed method. There are 12 geophones in the center well, and 600 shots on the surface. The VSP data are synthesized by acoustic finite-difference modeling (figure 3). Figure 4 shows the image for migration of primaries, and figure 5 shows the image for migration of free-surface multiples. The image area is a cone-shaped zone, and the area above the geophones is not imaged.
Offset (m)
Depth ( Field data application Figure 6 shows the spiral pattern of a shot geometry for a real 3D VSP survey. Three similar spirals of shots were carried out with a string of 12 3-component geophones in the center well, but each geophone string was offset by about 180 m for each of the surveys. Only the Zcomponent traces are used for migration. Figure 7 shows the migration image for only one receiver gather, and figure 8 shows a slice of the final stacked migration image over 36 receiver gathers. Figure 9 shows a common image gather.
The wavefield extrapolator used here is the splitstep Fourier method (Stoffa, et al., 1992) . The 3D VSP data cubic used for migration has the dimension 85 × 87 × 6000 (X, Y, and time samples), and the 3D migration was computed on a PC, and for each receiver gather, it only required few hours for a 85 × 87 × 700 (X, Y, and depth samples) image.
Figure 7:
The result after 3D migration of VSP freesurface multiples for one receiver gather only. To obtain this result, the calculation of only one 3D receiver gather of traveltimes and only one 3D wavefield extrapolation were required, as compared to a conventional 3D Kirchhoff migration that would require the calculation and storage of 7396 3D shot gathers of traveltimes.
Conclusion
We have presented an inexpensive procedure for 3D migration of 3D VSP free-surface multiples that has a comparable illumination volume of a small 3D surface seismic survey around the well. Results with synthetic 2D VSP data and field 3D VSP data validate the wide illumination properties of VSP multiple migration, and the flat events (see figure 9 ) in the common image gathers suggest that 3D wave-equation interferometric migration of VSP multiples the migration image is accurate. One important implication of our work is that 3D wave-equation interferometric migration of VSP multiples might be an inexpensive means for conducting 4D surveys over some producing oil fields. Only a small number of downhole geophones are needed, inexpensive surface shots can be used, and preexisting production wells can be used for the VSP wells. In some cases, production does not need to be shut down during the VSP survey. However, the low fold image from the migration of a handful of receiver gathers can lead to troublesome acquisition footprints and low S/N ratios.
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